Of the non-native fishes introduced to the U.K., the pumpkinseed is one of six species predicted to benefit from the forecasted climate warming conditions. To demonstrate the potential response of adults and their progeny to a water temperature increase, investigations of parental pumpkinseed acclimatization, reproduction and YOY over-wintering were carried out in outdoor experimental ponds under ambient and elevated water temperature regimes. No temperature effects were observed on either adult survivorship and growth, and none of the assessed reproductive activity variables (total spawning time, spawning season length, number of spawning bouts) appeared to be responsible for the large differences observed in progeny number and biomass. However, it was demonstrated in a previous study [Zięba G. et al., 2010] that adults in the heated ponds began spawning earlier than those of the ambient ponds. Ambient ponds produced 2.8× more progeny than the heated ponds, but these progeny were significantly smaller, probably due to their late hatching date, and subsequently suffered very high mortality over the first winter. Pumpkinseed in the U.K. will clearly benefit from climate warming through earlier seasonal reproduction, resulting in larger progeny going into winter, and as a result, higher over-winter survivorship would be expected relative to that which occurs under the present climatic regime.
Introduction
A crucial question posed by scientists, environmental managers and government officials focuses on how non-native species will respond to the predicted increases in temperature associated with climate warming, e.g [1, 2, 3] . For inland waters of England, the increase is expected to be 2-3°C and to be accompanied by more intensive and more frequent floods and spates [4] . Of particular concern are the potential effects of climate warming on the establishment and recruitment of freshwater fishes [5] , which are capable of causing major shifts in ecosystem function (e.g. common carp Cyprinus carpio; [6] ) or can disrupt native species through parasitism and reproductive interference (e.g. topmouth gudgeon Pseudorasbora parva; [7, 8] . The ability of an introduced species to establish populations and expand in novel environments is largely dependent on its ability to produce young that can survive and successfully reproduce over successive generations under these new conditions.
As with many ectotherms, fish have a preferred temperature range that affects bioenergetic functions such as food consumption rates and somatic growth [9, 10] , as well as life history traits, e.g. age at maturity, size at maturity and generation time [11] . Temperature can also affect the seasonality of reproduction, and in multiple batch spawners it can also affect the length of its reproductive season [12] . In middle-to-high latitude fishes, an early onset of reproduction can result in the production of larger eggs, potentially leading to a longer period of first year growth and consequent larger body size prior to the first winter, e.g. [13, 14] . Similarly, in non-native populations of pumpkinseed Lepomis gibbosus (L.), a North American centrarchid, the growth rate of immature age-1 females in their second growing season has been found to be positively related to thermal degree-days in the spring, with elevated reproductive effort of age-1 females in warmer water bodies [15] . Given that size-dependent processes such as sizeselective predation and rate of over-winter energy loss can potentially affect the survival rate of the young of many fish species, e.g. [16, 17, 18, 19] , a change in temperature regime such as would occur from climate warming could affect the relative survival and recruitment rates of native and non-native fishes adapted to different temperature regimes.
Of the existing non-native fish species in England and Wales, six have been identified as likely to benefit from climate warming [5] . This includes the pumpkinseed, which is currently considered to be non-invasive in the U.K. [4, 20] despite being established in most European countries and being invasive mainly in southern latitudes [21, 22] . Colonisation success of non-native animals such as the pumpkinseed is determined, among other factors, by dispersal rate, which strongly depends on offspring number and their fitness [23] . In the case of nonnative pumpkinseed in Southern England, the number of potential colonisers from existing sites is likely to increase with increasing discharge, e.g. during spates and floods [4] . Although different life stages have different characteristics as propagules, it is mainly pumpkinseed larvae and young-of-year (YOY) juveniles that are likely to dominate in river drift, e.g. [24] and outflows from connected water bodies [4] .
According to Sargent et al. [25] , organisms should spend their life history in a region where the somatic growth rate is higher than the mortality rate, therefore each dispersal attempt towards an unknown environment seems hazardous. When this happens, however, the number of offspring and especially their fitness may be crucial for survival over the first winter. Being susceptible to high mortality rates [26] , juvenile fishes have received particular attention, and several concepts have attempted to predict the optimal size for offspring [27] or the dependency of mortality on somatic growth [28] . Offspring size generally depends on growth conditions and may even increase due to higher investment when environmental conditions worsen [29] , or take the form of a sigmoid relationship due to intraspecific competition [30] . Mortality varies in magnitude and usually decreases with increasing body size [31] , or where parental guarding of eggs and larvae is present. However, food availability and temperature play a crucial role in shaping the development of offspring size through somatic growth or mortality rates [23] .
Native pumpkinseed populations are known to occupy, and reproduce in, both lotic and lentic ecosystems, but reproduction of non-native populations in Europe is less common in rivers, and in England reproduction is currently limited to still waters [21] . Nonetheless, nonnative pumpkinseed populations in Europe exhibit considerable plasticity in habitat use, diet [32] and life-history traits [21, 33] , though recent research on repatriated pumpkinseed suggests that European populations are less phenotypically plastic than native populations [34, 35, 36] . Although the number of studies on the pumpkinseed's response to climate warming is increasing [37, 4, 15, 38] , additional work is needed to understand the mechanisms by which pumpkinseed could become more invasive [21] , such as potential shifts in the timing and scale of life-history events [39] and climate niche shifts [40] . This is of particular relevance to shallow inland waters, such as ponds, which are now known to support disproportionately high aquatic biodiversity [41] and are believed to be particularly susceptible to the future warmer conditions [39] .
The aim of the present study was to examine the effect of thermal warming associated with climate change projections on the growth and survivorship of YOY pumpkinseed in southern England. Using outdoor experimental ponds in which water temperature was manipulated to simulate future (warmer) climatic conditions, the specific objectives of the study were to compare ambient and heated temperature regimes in terms of: (i) growth of adult pumpkinseed during the reproductive period; and (ii) number and body size of YOY pumpkinseed produced under the two thermal regimes prior to winter. We also discuss implications of our results for understanding the process of pumpkinseed dispersal under the climate warming scenario predicted for the U.K.
Materials and Methods
The investigation was conducted with permission of the land owners in six independent, outdoor experimental ponds situated on private land at Tanyard Fishery (Furners Green, Uckfield, East Sussex, TN22 3RL, England; Latitude 51:01:07°N, Longitude 0:00:47E). The ponds are of 5 × 5 m surface area [37, 38] and have variable bathymetry: a 1 m wide shallow shelf along one side for male pumpkinseed to nest (mean depth 0.5 m) and a deeper (1.2 m) refuge/resting area for females. When constructed, each pond was lined with a sheet of rubberised plastic and was fitted with an identical self-contained water recirculation system (P2500, Bladgon, U.K.). Water was pumped into a fibreglass cistern (0.2 m 3 ) at a maximum rate of 2400 L h -1 , with water overflowing via a pipe back into the pond. In the three heated ponds, the cisterns were fitted with floating, electric styrofoam heaters (Velda, NL, 750 W) to maintain water temperatures at 2-3°C above that of the three (ambient temperature) ponds. Pond temperatures were monitored continuously using TinyTag "Aquatic 2" temperature loggers (Gemini Data Loggers Ltd, U.K.). Gravel-filtered water was taken from an adjacent holding pond to replace any natural loss of water due to evaporation. The study was undertaken in two phases: (I) thermal acclimation of adults; (II) reproduction (production of offspring).
In Phase I, 120 pumpkinseed of indiscernible gender were captured by electrofishing on 7 November 2008 from one of the nearby commercial angling ponds. The fish were anaesthetised by immersion in 2-phenoxy ethanol (1 mL L -1 of anaesthetic bath) and individually-tagged as per Stakėnas et al. [42] with passive integrated transponder (PIT) tags (Wyre Micro Design Ltd, U.K.: 2 × 12 mm, 0.1 g each), which were inserted manually using a sterilized PIT tag needle to penetrate the body cavity in the ventral area between the pelvic fins and anus. These tags enabled us to determine changes in total body length (L T ) and weight when the adults were collected at the end of this phase of the experiment. To reduce the risk of infection, a mixture of antibiotic (Cicatrine) and adhesive (Orahesive) powders was applied to the insertion point, and the fish were placed in clean, aerated water to recover. Immediately after their full recovery from anaesthesia, 20 pumpkinseed of indiscernible gender were released into each pond. Fish were inspected visually each day and fed twice per week ad libitum (until the fish stopped active feeding) with live white maggots, and every other day with frozen chironomid larvae (16-24 g per pond, depending on the season). Feeding was curtailed in all ponds on 14 December 2008, when the mean daily water temperature dropped below 5°C in the ambient ponds. Although there was some formation of ice during the winter period, water circulation from the pumps kept the ponds from freezing over entirely, even on the coldest days. Feeding recommenced on 20 March 2009, when the temperature reached 5°C in the warmest pond.
Individual adults were removed from the ponds on 14 May 2009, measured for L T and wet weight (Wt), and their gender was determined by visual estimation of secondary sexual characteristics and confirmed after the experiment by dissection. Mean L T of pumpkinseed did not differ significantly among treatments (ANOVA, n = 120, P = 0.10). In Phase II of the study, 42 males (L T 101-128 mm) and 42 females (L T 104-129 mm) were selected from the 120 overwintered adults, with 14 randomly-selected pumpkinseed (seven males, seven females) stocked back into a pond of the same temperature treatment. A number of pumpkinseed spawning metrics were monitored during Phase II and those results have been previously reported in Zięba et al. [37] .
The experimental ponds were drained on 14 October 2009, and all recovered YOY were held separately in aerated containers (one per pond). All recovered individuals except for a sample used in a subsequent over-winter survival study (see SI Appendix 1) were euthanized according to a Home Office licensed regulated procedure (overdose of 2-phenoxy-ethanol), chilled to frozen, then partially defrosted and preserved in 4% formalin. These individuals were later counted, measured (L T , nearest mm) and weighed (nearest 0.01 g). The investigations were carried out under licence from the UK Home Office, accompanied by the necessary licences, consents and/or derogations as regards the Import of Live Fish (England and Wales) Act 1980 and related legislation.
Data Analysis
To assess differences in biomass between thermal regimes for adult pumpkinseed at the start of the study, and then somatic growth during phases I (acclimation) and II (reproduction), the data for the 42 males and females used in Phase II (the reproductive study) were compared using Analysis of Variance (ANOVA), with treatment as the fixed effect and pond replicate as the random effect. One-way ANOVA was used to test for differences between the two thermal regimes in terms of YOY number and total biomass in each pond at the end of Phase II (October 2009) as well as differences between thermal regimes in the mean L T and mass of individual YOY, using means by pond from the sub-sample of recovered individuals. To determine whether or not the amount of reproductive activity in a pond could explain among-pond variation in the number or total mass of YOY recovered, Pearson correlations were conducted using three indicators of reproductive activity generated for each sex (total spawning time, length of spawning season, number of spawning bouts) from the adult telemetry data previously described in Zięba et al. [37] . These variables were examined individually in Analysis of Covariance, using temperature treatment (ambient, heated) as a main effect and the reproductive variable as the covariate. Date of first spawning was not used in this analysis because it had already been considered in a previous study [37] . he number, total mass, and mean L T and weight of YOY recovered were log e -transformed prior to all of these analyses to correct for heteroscedasticity in the raw data.
We tested for differences between treatments in YOY body condition index to infer changes that may influence over-winter survival. For this, we used Analysis of Covariance on log e -transformed L T and weight data on YOY recovered prior to winter (October 2009), with weight of the fish as the dependent variable, L T as the covariate and the interaction between L T and treatment as variables in the model. Pond within treatment was included as a random effect in the mixed model to account for the treatment replicates, and effects were estimated in the model with the Restricted Maximum Likelihood Method using the JMP 11 statistical program. While this method does not fully account for changes in the length-weight relationship as an animal grows [43] ; it was used to detect treatment differences rather than temporal changes in body condition associated with growth.
Results
The mean monthly water temperatures in the three ambient and three heated ponds differed over the entire investigation: min-max: 1.0-27.4°C, 1.8-30.7°C, respectively (Fig 1) . The mean difference was intended to be 2-3°C, and this was maintained throughout the study except in mid-February 2010, when a short-term (six days) heating-system failure occurred. The adult pumpkinseed acclimated and used in reproduction under ambient and elevated temperatures were similar in L T and weight at the outset of the study (Table 1 ). Males and females in both treatments grew in size and gained mass during Phase I (acclimation) and Phase II (reproduction), with most of the growth occurring in Phase II, when temperatures were warmer and artificial feeding occurred throughout. There were no significant differences in L T or weight of the adults between treatments in either sex at the start of the acclimation period, or at the start and end of Phase II (F 1,4 < 3.53; P > 0.13 in all comparisons).
At the end of Phase II (reproduction), approximately 2.8× more YOY were recovered in the ambient ponds than in the heated ponds, but total biomass of YOY was greater in the heated ponds (Table 2) . Neither difference was statistically significant (number: F 1,4 = 1.87; P = 0.24; mass: F 1,4 = 1.68; P = 0.27), but the YOY recovered from the heated ponds were significantly larger than those from the ambient temperature ponds (L T : F 1,4 = 30.3; P = 0.0053; mass: F 1,4 = 33.2; P = 0.0045). None of the reproductive activity variables (total spawning time, spawning season length, number of spawning bouts) could explain a significant portion of the variability in number or mass of YOY recovered at the end of the reproductive phase, either alone or in Temperature Effects on Non-Native Pumpkinseed Recruitment combination with the temperature treatment. The strongest of these relationships was between mean spawning time and number of YOY recovered, but even this relationship was not significant (P = 0.16 for each sex). An analysis of body condition indices of YOY prior to winter indicates that while pumpkinseed born in heated ponds were slightly thinner relative to their length than those born in the ambient temperature ponds, the difference between temperature treatments was not significant ( Table 3 ). The significant length × treatment interaction was Table 1 . Mean total length (L T ) and mass of PIT-tagged adult male (n = 42) and female (n = 42) pumpkinseed used in the reproductive portion of the study, from the initiation of the acclimation period (Nov. 2008) to the end of the reproductive period (Oct. 2009). Each treatment consisted of n = 7 males and n = 7 females. Temperature Effects on Non-Native Pumpkinseed Recruitment due to the body condition index in YOY in the heated ponds being lower than that of the ambient ponds in the smallest individuals, but higher in the larger individuals.
Discussion
The success of non-native fishes, e.g. in terms of the number of newly-established populations in novel environments, may be the consequence of the species' adaptability and the potential for dispersal of both juveniles and adults [38, 44, 45] . Our results suggest that pumpkinseed populations subjected to elevated water temperatures, which may result from either a longterm trend associated with climate warming [1, 2, 3] or an unexpected short-term climatic event (e.g. a heat wave; [46] ), will not necessarily have a direct effect on adult somatic growth (Table 1) and/or fecundity. However, a longer-term temperature increase, such as under the predicted climate change conditions, may result in a population increase in this non-native species as a consequence of faster somatic growth of progeny and consequently, higher overwinter survival. None of the spawning effort indices, which is described in Zięba et al. [37] , differed significantly under ambient and heated conditions, or were responsible for differences in YOY number and mass at the end of the study. However, female pumpkinseed in the heated ponds began their reproductive season significantly (8 days) earlier than those in the ambient ponds [37] -a phenomenon observed in lakes situated along a latitudinal gradient [47] . Early spawning provides a compensatory mechanism in the face of unpredictable conditions, assuring that at least some progeny will experience the optimal conditions for growth [14] . In fact, earlier spawning provided the pumpkinseed progeny in the heated pond a longer, warmer first-year growing season. This translated into greater pre-winter size (in both L T and weight) than that of progeny from the ambient ponds (Table 2 ; Fig A in S1 File) . Elevated water temperature increases pumpkinseed invasion success in warmer parts of non-native occurrence range (e.g. southern Europe) through faster juvenile growth and earlier maturity [21, 48] . Lower temperatures may have the opposite effect. Temperature profiles during the spawning period suggest that in some northern parts of the native range [49] pumpkinseed offspring may experience higher temperatures than in the U.K. Spring and summer temperatures are relatively low in the U.K., which may be the underlying reason why the species is currently not invasive in this part of the species' introduced range [4, 20, 21] .
The earlier-hatched pumpkinseed progeny in the heated ponds had a longer period during which fish could accumulate mass before winter than could the later-hatched progeny in the ambient ponds, resulting in larger body size. Over-wintering of these YOY until the following spring in an ambient and a heated pond demonstrated that the larger-bodied individuals produced in the heated ponds experienced a much higher survival rate (S1 File), and that the smallest individuals in the ambient pond showed the highest mortality rate (Table A and Fig A  in S1 File) . Although the over-winter survival results are not definitive because of the lack of replication, they are consistent with several previous studies of centrarchids, which have showed that YOY hatched earlier in the spawning season make a disproportionately high Table 3 . Results of Analysis of Covariance, testing for differences in body condition index (wet weight relative to total length) between young-of-the-year pumpkinseed recovered from ambient temperature and heated ponds in October 2009. The analysis included a pond-within-treatment random effect to account for treatment replicates (not shown). contribution to the entire year-class [14, 50, 51, 52 ]. An over-winter survival advantage for larger-bodied (early born) progeny has also been reported in a European cyprinid, the roach Rutilus rutilus [53] , as well as several North American species [16] , including fathead minnow Pimephales promelas [54] , pumpkinseed [55] , and bluegill Lepomis macrochirus [14] . Higher overall water temperature is known to stimulate growth in pumpkinseed, e.g. [56] , which in our experiment was evident in the higher mean and total biomass of juveniles in the heated ponds. Although the adult pumpkinseed were fed ad libitum at all treatments, we cannot exclude the possibility that higher energy demand in heated sites caused by increased metabolic demand resulted in food limitation and subsequent cannibalism on YOY. Copp et al. [57] found that for pumpkinseed inhabiting an artificial pond in Cottesmore (south-eastern England, < 50 km from the present study), limited food resources resulted in conspecific cannibalism and intensive egg predation. The observed distinct size distribution pattern within populations inhabiting the warmer experimental ponds, and reduced number of YOY (particularly of the smallest size classes) might have thus been the result of not only higher growth rate, but also intraspecific competition for food, leading to predation. As noted in previous studies with Eurasian perch Perca fluviatilis, the potential effects of adult cannibalism on YOY can be complex, and they may include the restriction of YOY to refuges where feeding and growth are reduced as well as an increase in early-life mortality [58, 59] .
In the northern part of their native range, few pumpkinseed < 35 mm L T are able to survive their first winter [48, 60] . For coastal embayments of Lake Ontario, the threshold body size for over-winter survival was estimated at 26 mm L T [56] , based on the body size of individuals caught in the spring. In the present study, a large proportion of pumpkinseed YOY were <26 mm L T by the late fall (particularly in the ambient temperature ponds). However, the U.K. experiences much warmer winters than those of the species' northern native range, where there are long periods when temperatures are colder than the threshold feeding temperature of 8°C suggested by Keast [61] in his winter study. We would therefore expect to see a higher overwinter survival rate of the small-bodied progeny produced in our experiment in both treatments. Nevertheless, the larger body size in YOY reared under elevated temperature conditions are predicted to produce stronger year classes under a future climate warming scenario, and this prediction was supported by our over-winter results.
Aside from body size considerations, a difference of 2°C in winter temperature would result in a shorter period during which water temperatures are below the feeding threshold in pumpkinseed. Murphy et al. [56] suggested that the longer available feeding period could explain differences between warm and cool embayments in the occurrence of pumpkinseed YOY in Lake Ontario. A longer period of temperatures that are sufficiently low to prevent feeding can result in faster depletion of energy reserves in YOY during winter (see [62] ) and may also increase their osmoregulatory stress (see [63] ). Support for these additional effects is provided by the poor body condition index of small YOY that over-wintered in the ambient ponds relative to their conspecifics reared in warmer water (Table B in S1 File).
As predicted by Britton et al. [5] , the pumpkinseed should benefit from the warmer conditions forecasted for southern England. The results of our study suggest that the immediate mechanism is reproduction earlier in the season, leading to larger body size and enhanced fitness of YOY at the end of their first summer, leading to greater over-winter survival and subsequent earlier maturity and higher fecundity, e.g. [64, 65] . However, to be more certain of the broad applicability of our results, the study should be replicated in more of the habitat types that the species inhabits in the U.K., with additional temperature treatments and with other source populations.
For the U.K., the climate warming scenario, e.g. [1, 2, 3] , predicts not only higher temperature, but also higher risk of floods and therefore higher probability of new pumpkinseed populations being established [4] . This enhanced recruitment will increase the likelihood of higher densities and wider dispersal of pumpkinseed within the U.K., which may, in turn, pose a high risk to native fauna living in waters occupied by this non-native species.
Supporting Information S1 File. Additional text and supporting figure and tables regarding the study of pumpkinseed recovered after the over-winter period in the experimental ponds. Fig A in S1 File. Illustrates the total length-frequency distributions for young-of-the-year pumpkinseed reared in ambient and heated experimental ponds (England) at the end of phases II and III of the experiment. Table A in S1 File. Presents the number and total weight of YOY pumpkinseed recovered in an ambient and heated pond following the over-winter period, including mean, minimum and maximum total length and weight values. Table B in S1 File. Presents the results of Analysis of Covariance tests for differences in body condition between young-of-theyear pumpkinseed recovered from ambient temperature and heated ponds in March 2010. (DOCX)
